= 2 [15, 19, 20, 21] . However, it has to be noted that adequate care has to be taken when interpreting dI/dV maps taken under constant-current conditions. The reason is that the tunnelling matrix elements depend exponentially on the tip-sample distance and thus, dI/dV maps of surfaces with a strong surface and/or work function corrugation might be perturbed [21, 22, 23, 24, 25] .
This review paper is organized as follows: First a brief overview on the interaction between surface states and adsorbates will be given, followed by a short description of molecular self-assembly with a special focus on porous networks. Additionally, theoretical methods to calculate the confinement of surface state electrons will be described. Afterwards, several examples of the surface state confinement with supramolecular porous networks built by metal coordination, hydrogen bonding and covalent bonding will be presented. That is followed by three examples of the influence of the confined states onto the adsorbates trapped in the pores of the honeycomb networks. Finally a brief outlook will be given.
Interaction of surface states with adsorbates
It is well-known that adsorbates can strongly interact with the surface states, which can either lead to a shift of the surface state due to specific adsorbate-substrate interactions [6, 26, 27, 28, 29] or to a complete quenching of the surface state [6, 30, 31] . On the other hand the surface states can also strongly modify the adsorbate behaviour [32, 33] . For transition metal (111) surfaces it was shown that the distance between adatoms like Cu/Cu (111) , Co/Cu (111) , Co/Ag (111) , Ce/Ag (111) and impurities on Cu (111) exhibits an oscillatory behaviour with a periodicity of λ F /2 and with a decay of 1/r 2 , where r is the distance between neighbouring adatoms [33, 34, 35, 36, 37, 38] . Monte-Carlo simulations and abinitio density functional theory (DFT) calculations confirmed that the scattering of the surface state electrons by the adsorbates leads to an oscillation in the long-range interaction potential parallel to the surface, which mediates the observed long-range ordering of adsorbates [34, 39, 40, 41, 42] . A comparable finding was reported for the spacing between bromine adatom islands, which form a (√3x√3)R30° superlattice on Cu(111) after annealing to 600 K and which exhibit an average distance between the islands that equals half the Fermi wavelength of the surface state oscillations [43] .
A similar behaviour was found for molecular adsorbates. For example, CO was found to preferentially adsorb close to the minima of the standing wave pattern on Ag(111) [44] . For STM measurements for CS 2 on Au (111) it was observed that due to tip molecule interactions at low positive tip biases, which are comparable to the molecule-substrate interaction strength, the residence time of the molecules can be enhanced at the areas with the highest density of states of the standing wave patterns [45] . The stronger interaction with areas of high density of states was explained by the electrophilic nature of the CS 2 molecules. Even for large organic molecules, surface state effects were found to be responsible for the structure formation of the molecular overlayer. For cobalt-phthalocyanines adsorbed on Cu (111) , the self-assembled coverage dependent patterns are strongly influenced by the quantum interference of the Cu (111) surface state electrons leading to arrays of disordered molecules with an average distance of 2.1 nm for 0.5 monolayers (ML), 1D chains separated by 2.1 nm for 0.7 ML and a complex Kagomé lattice for 0.8 ML exhibiting again intermolecular distances of 2.1 nm [46] . However, for molecules exhibiting a strong dipole like tris-(2-phenylpyridine)iridium(III) the repulsive intermolecular interactions were found to dominate over the surface state mediated attractive interactions and thus, the intermolecular distances cannot be related to the wavelength of the Friedel oscillations of the Cu(111) Shockley surface state [47] .
Besides the influence of the surface state on the adsorption behaviour and arrangement of adsorbates on surfaces, there are also many examples how the surface state is influenced and even can be manipulated by adsorbates. One of the most prominent examples is the arrangement of 48 iron atoms into a circular corral on Cu (111) , as demonstrated by Crommie et al. [48, 49] , which led to a lateral confinement of the Cu(111) surface state. STS within this corral revealed several discrete resonances which agree very well with the eigenstates of the electrons calculated for a round two-dimensional particle in a box system. Since confinement is not restricted to circular corrals this phenomenon has been also studied for triangular, square, rectangular and oval corrals prepared by atom-by-atom manipulation with a STM [49, 50, 51] . The manipulation of the electronic states inside the corral can be done by positioning metal adatoms at particular places. The placement of a Mn adatom in the centre of a quantum corral consisting of Mn atoms strongly influences the electronic structure in the centre showing nodes where have been maxima in the empty corral and vice versa. This was explained by the strong hybridization between the Mn atom and the surface electronic states and could be also modelled by a simple scattering model [50, 52, 53] . Manoharan et al. showed that placing a Co atom at one of the focal points of an elliptical quantum corral leads to Kondo resonances not only at the atom but also at the empty focal point resulting in a so-called quantum mirage [51] . This was also confirmed theoretically by Stepanyuk et al. [54, 55] . Moreover, confinement effects due to artificially created 1D resonators were investigated. By the creation of a 1D resonator consisting of two parallel Cu chains on Cu (111) , the surface state can be confined leading to 1D standing wave patterns. The diffusion of individual Cu atoms within this resonator is strongly anisotropic with higher diffusion parallel to the 1D grating [56] . Furthermore, it was also shown that artificially constructed 1D chains from Au, Ag or Pd atoms develop a 1D band structure, which depends on the length and the composition of the chains [57, 58, 59, 60] .
Besides the confinement of surface state electrons in artificial 1D or 2D structures made from adatoms, it was reported that electrons can be confined in 2D structures like vacancy or adatom islands. For example for hexagonal vacancy islands on Cu (111) , it was shown experimentally as well as theoretically that the local density of states (LDOS) of the islands depends on their size. The results can be reproduced by assuming scattering at the inner sides of a Cu corral structure to model scattering at the monolayer high edge of the vacancy island [61] . On the other hand, Crampin et al. [52] as well as Kröger et al. [62] reported that the line width of confined electronic states of vacancy islands on Ag(111) is only weakly affected by the geometry of the vacancies and that the life time is determined by lossy boundary scattering. A similar confinement was reported for Ag adatom islands on Ag (111) .
By comparing theoretical and experimental data it could be shown that the effective boundary of the confining Ag islands lies a constant distance beyond the position of the outermost Ag atoms in the Ag islands; this distance is independent of the island size [20, 63] . Another approach to create vacancy islands of different sizes in a controlled manner is to make artificial holes in a 2D self-assembled molecular island by STM manipulation of single molecules. This was done for tetraphenylporphyrins on Ag(111) [64] . With increasing size of the vacancy the minimum of the confined electronic state was observed to shift towards lower binding energy. In addition, by creating 1D structures of neighbouring vacancies the influence of created quantum well states on each other can be studied resulting in the formation of a 1D band.
Instead of using atom-by-atom manipulation with the STM for the preparation of low dimensional quantum structures, it is also possible to create artificial quantum well structures by molecular selfassembly. For example the self-assembly of methionine molecules on a Ag(111) surface leads to regular 1D gratings, which confine the surface state electrons in-between the molecular rows [65, 66] .
Deposition of Fe atoms on the free metal area between the molecular rows changed the electronic structure to a 0D confinement [61] . Furthermore, the self-alignment of Co and Fe adatoms, respectively, in the molecular gratings results in their regular distribution with an average separation of about 2.5 nm. This observed long-range interaction is due to the electronic structure of the Ag surface [62] .
Molecular self-assembly and porous networks
Molecular self-assembly is one of the most versatile tools to build highly ordered organic layers in a bottom-up manner. It employs the concepts from supramolecular chemistry [67] , where organic building blocks are held together by non-covalent interactions like hydrogen bonding [68, 69, 70, 71] , dipolar coupling [72, 73, 74] , metal-coordination [75, 76, 77] , or π-π stacking [78] . Due to the often relatively weak forces between the molecular building blocks, bond breaking and reformation are possible until the equilibrium structure is formed. Therefore, those structures are generally highly defect-free and sometimes even self-healing, which makes them ideal candidates for possible applications in electronic devices.
By using the chemistry "tool box", organic molecules with specific ligands at predefined positions can be synthesized, which can be used to form 0D clusters [79, 80] , 1D wires [81, 82] , or 2D extended (porous) networks on surfaces [83, 84] . For a number of different reasons, porous networks are especially interesting as they can be used to host guest molecules, to study their dynamics, and to manipulate guest molecules with the STM. Furthermore, they are expected to show specific catalytic properties, i.e. to function as "nanoreactors" [85, 86, 87] . The prototypical porous network held 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 together by triple hydrogen bonding between 3,4,9,10-perylenetetracarbozxylic diimide (PTCDI) and 1,3,5-triazine-2,4,6-triamine (melamine) was first reported on a silver terminated Si surface [69] .
Similar PTCDI/melamine networks have been subsequently prepared on Au/mica [88] , epitaxial graphene [89] , highly-oriented pyrolytic graphite (HOPG), hexagonal boron nitride and molybdenum disulphide by deposition of the molecular building blocks from solution [90] . Besides the use of two molecules having complementary recognition sites, also molecules exhibiting self-complementary groups like carboxylic groups are of great interest. For example the porous network formed by trimesic acid (TMA) and its larger "relative" 1,3,5-benzene-tribenzoic acid (BTB) have been studied extensively on various surfaces like HOPG [91] and Au (111) [92, 93] .
Recently, porous networks stabilized by metal-coordination gained increasing attention because the bonding -and thus, the mechanical stability -is generally stronger compared to hydrogen bonded networks [94] . Frequently, transition metal atoms like Co [95, 96] , Fe [97, 98, 99] , Cu [100] , Ni [101] or rare earth metal atoms like Ce [102] are deposited onto the molecule-covered surfaces where they act as coordinating metal centres for the formation of the metal organic frameworks. Besides, native metal atoms from the substrate, onto which the molecules are deposited, can be used as the metalcoordinated centres. This has been reported for example for Cu [79, 103] or Au [104, 105, 106] substrates. By the choice of the coordinating metal atom, 2-fold (Cu, Fe) [79] , 3-fold (Co) [95, 96] 4fold (Fe) [107] and 5-fold (Ce) [102] coordination networks can be created, while by the choice of the molecular building blocks the sizes of the coordination networks are determined.
Theoretical considerations
In their pioneering work on the confinement of the Cu surface state electrons by a circular corral made from Fe atoms [48] , Crommie et al. also provided a qualitative description of the standing wave patterns observed inside the corral. By solving the Schrödinger equation for a particle in a hard wall box, the eigenstates and thus, the eigenenergies were determined. It should be noted that in order to describe the changes in the standing wave pattern upon scattering at the Fe adatoms as accurately as possible, a phase shift of the scattered wave has to be taken into account. The eigenstates inside a round 2D box having radius r are , ( , ) ∝ ( , ) with n, l as main and angular momentum quantum number of an electron in a box, wavenumber k n,l = z n,l /r and energy E n,l = ħ 2 k 2 n,l /(2m*). Here m* is the effective mass of a surface state electron, J l is the l th order Bessel function and z n,l is the n th zero crossing of J l (z). Comparing experiment and simulation revealed that the eigenergies are reasonably well described (for the higher states deviations are present) while the model cannot account for the finite line width of the measured peaks. As possible reasons for the energy discrepancies as well as the broadening mechanism, transmission through the Fe adatoms (along the surface), scattering into the bulk (perpendicular to the surface) and inelastic scattering are given.
Soon after the first experimental realisation of the quantum corrals, Heller et al. [108] , [109] and Fiete et al. [110] provided a theoretical description of them. To describe the LDOS inside the quantum corral which is obtained when taking dI/dV maps with the STM, multiple scattering theory was applied. The underlying physical principle can be envisioned in the following way. A circularly symmetric electron amplitude propagates from the STM tip into the surface state. It spreads radially outward until it gets scattered at a defect (an impurity or a step edge). A part of the amplitude is then back-reflected to the STM tip (scattering can even happen several times). Interference between the outgoing and back-reflected amplitude results in modulations of the LDOS, and thus the tunnelling current, as a function of position. The electron on the surface can be described by the following Hamiltonian � = � 0 + � . � 0 is the Hamiltonian for the propagation into the surface state, while � describes the potential perturbations due to impurities on the surface (in the case of the corral the impurities are the adatoms). Now, a relationship between the retarded Green´s function G ret (r´,r,ε), the scattering eigenstates ψ ν (r) of � and the LDOS can be established:
To determine the LDOS, a method for calculating the Green´s function needs to be developed. The interested reader is referred to the publication by Fiete et al. [110] . To simulate the standing wave patterns inside the corral, the phase shift occurring at the Fe adatoms needs again (as in the work by Crommie et al. [48] ) to be determined. For maximally absorbing Fe atoms, an excellent agreement between experiment and theory was obtained. This can be interpreted that the confinement of the surface state electrons by the corral is relatively poor because the Fe adatoms couple the surface state electrons strongly to the bulk states. The advantages of the scattering theory over the particle-in-a-box 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 60 model are that (i) the eigenergies as well as the peak widths are generally well-described and (ii) the standing wave patterns of open structures can be predicted. On the other hand, within 7Å of an adatom the scattering theory fails because the extra charge density of the adatom is not appropriately considered.
The multiple scattering theory was also used by Crampin et al. [111] to describe the behaviour of surface state electrons in quantum corrals. They included the electron self-energy in their calculations and could demonstrate that this results in an improved agreement with the experiments. It is suggested that a key point in correctly reproducing all the experimental observations made, when studying quantum corrals with the STM, is to properly account for the observed leakage, i. e. to describe the underlying physics accurately. For example, Heller et al. neglected -except the complex phase shift at the adatom boundary -other scattering channels. For this reason, the line widths and intensities of the peaks in STS spectra could not correctly be reproduced. However, despite the greatly improved agreement between experiment and theory when including the electron self-energy, the calculated lowest level width is still smaller. The theory by Crampin et al. was later applied to describe the electron confinement in Mn atom arrays on Ag(111) [112] as well as to Ag nanoisland on Ag(111) [20] . Since it is not beforehand known what the relevant size of a nanoisland is -especially the effective boundary is important to model the confinement correctly -the results from the scattering theory were fitted with the energies obtained via the particle-in-a-box model. This implies that the effective boundary is a constant distance from the true atomic positions of the boundary.
To avoid specific assumptions or empirical input data, a different approach was taken by Niebergall et al. [113] . They used ab initio calculations based on density functional theory and a multiple scattering approach employing the Korringa-Kohn-Rostocker Green´s function method. As for the two approaches presented above: the crucial point lies in the determination of the Green´s function to obtain a favourable agreement between experiment and theory. Nevertheless, the advantage of the ab initio approach is the start from one model without taking into account further assumptions. In this way, the surface state confinement in hexagonal vacancy islands on Cu(111) could be satisfactorily modelled. For this, the scattering at the vacancy boundary, which is formed by the monolayer high step of the vacancy island, is modelled by scattering at the adatoms of a corral having the same size as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the vacancy island. The spatial modulation pattern of the LDOS as well as its amplitude and spectroscopic features are well reproduced. Even though electron-electron and electron-phonon interactions are not considered in the ab initio approach, while scattering of surface state electrons into bulk states are, the authors conclude (based on the favourable agreement between experiment and theory) that inelastic scattering is not the determining factor to explain the line width broadening of the states.
For describing the surface state confinement by pores made from molecular building blocks, the boundary element method (BEM) has been recently used [114] (see also the examples discussed in section 5). Primarily, the BEM has been extensively employed for solving Maxwell´s equation and determining the optical response for arbitrary shapes [115] . The calculations start with formulating the electro-magnetic field scattered at the nanostructure as defined by the boundary charges and currents.
The molecular pore is modelled via homogeneous regions of constant potential while the molecules are described by rectangles having an effective scattering potential. In the case of a metal-coordinated molecular network, a (different) potential is also assigned to the metal centres. The boundaries between the regions are assumed to be abrupt. The solution of the Schrödinger equation can then be given in terms of auxiliary electron boundary sources whose propagation is described with the electron Green´s function. The calculated LDOS at different positions as well as conductance maps agree surprisingly well with the experimental data when taking into account that the model is rather simple.
However, a limitation of the BEM approach is the fact that the scattering potential of the molecules (and metal centres) enters as an adjustable parameter in order to describe the experimental observations satisfactorily. Thus, the predictive power of this model is rather restricted.
Electron confinement in molecular porous networks
The first example of the confinement of the Shockley surface state by a honeycomb network prepared by molecular self-assembly was demonstrated by Lobo-Checa et al. [116] . The network was prepared from the perylene derivative 4,9-diaminoperylene-quinone-3,10-diimine (DPDI) on the Cu (111) surface. Deposition of less than 0.7 ML (where 1 ML corresponds to the densest packed structure) at room temperature and subsequent annealing at 200 °C led to the formation of a well-ordered 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 honeycomb network with a lattice constant of 2.55 nm, which can be described by a p(10x10) superstructure [117, 118] (see Figure 1 (a)). This extremely stable network is formed through a dehydrogenation of the amine and imine functional groups of the DPDI molecule (called 3deh-DPDI in the following) and subsequent metal coordination of the newly formed azo-groups to native Cu adatoms (see Figure 1 (b) for a tentative structure model).
STS spectra acquired at 5 K in the centre of a pore revealed a new occupied electronic state at -0.22 V while spectra taken on the clean Cu(111) surface just showed the characteristic steplike onset of the Shockley surface state at around -0.4 V (Figure 1(d) ). dI/dV maps recorded at the energy of the newly found electronic state at -0.22 V at the same area as the one shown in the topographic image in Figure   1 (a) revealed that this state is localized in the pores of the honeycomb network ( Figure 1(c) ). Thus, it can be interpreted that each pore represents a single quantum dot within a regular "quantum dot array" which confines the surface state electrons in all three dimensions. Complementary ARPES data taken for different coverages of the 3deh-DPDI network showed the appearance of a new weakly dispersing electronic band at 0.2 eV below the Fermi energy. The spectrum in the top panel in Figure 1 [119] and for the spin-orbit split surface state of Bi thin films on Si(111)-7x7 [120] . Furthermore, the photoemission intensity present close to the Fermi energy around the M � -point (best visible in the middle panel of Figure 1 (e)) can be attributed to the second subband, with its lowest energy at approximately 60 meV. A similar state can be seen in the STS spectra close to the Fermi energy acquired in the centre of the pore (see Figure 1 (d) ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 (111) surface, respectively. The spectrum shown in the central panel for 0.55 ML was taken at 60 K while the other two spectra were acquired at room temperature. Adapted with permission from [116, 117] .
Soon after the first report on the confinement of surface state electrons by a metal-coordinated self- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 surface state electrons, the lowest lying state confined in the smaller triangular pores was found at higher energies (60 mV) than the lowest lying state confined in the larger hexagonal pores (-20 mV) (cf. figure 2(a) and (b)). dI/dV maps taken at different energies exhibit chirality for the LDOS, which derives from the chiral Kagomé lattice. To compare the differential conductance in the triangular and the hexagonal pore, dI/dV spectra were taken along the green line drawn in figure 2(d) . It becomes evident that the onset of the lowest lying state around -10 mV is in the centre of the large hexagonal pore. Between 50 mV and 200 mV, the second eigenstate appears having its maximum intensity half way between the pore centre and the molecules forming the hexagonal pore (cf. figure 2(b) , red curve). At even higher energies, three maxima are visible. On the other hand, the triangular pores show a very broad resonance between -50 mV and 200 mV. At higher energies, additional features can be observed in the triangular pores. Above 300 mV, the resonance is split into two maxima.
Additionally, the spectra in the two triangular pores -right and left of the hexagonal pore -exhibit a slightly different appearance due to the asymmetry of the triangles with respect to the scan line. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 on the molecule or on the Co atom do not show any pronounced peaks (blue and green line, respectively).
To investigate the spatial distribution of the LDOS, dI/dV maps were taken at different bias voltages (figure 3(e)-(h)). Figure 3 This effect is also visible in the density of state spectra were the intensity measured on the Co atom is significantly lower than the one in the calculated spectra (figure 3(c) and (d)). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 M3 network exhibits a peak at higher energy than the one of the M1 network, although the pore and unit cell sizes are comparable. This indicates a different scattering potential for the two networks.
Furthermore, for each of the three networks, slight differences in the peak position, shape and intensity were observed for different pores. This was also confirmed by dI/dV maps, which demonstrate that the LDOS intensity is not equally distributed over the different pores.
The band dispersions of the confined states reported in figure 4(d) and (e) were obtained by Fourier transformation of the dI/dV maps measured at different energies for the honeycomb networks created by both M1 and M2 molecules. For the M3 network this was not possible because the island sizes were too small. Both networks show a dispersive band in the first Brillouin zone (indicated by the white dashed lines in figure 4(d) and (e)) whereas the intensity close to the Brillouin zone boundaries is strongly reduced. The black dotted curves in figure 4(d) and (e) represent the calculated first band by using a DFT total potential in which the effective potential of the molecules is 300 meV and -100 meV for the Cu adatoms. Noteworthy, the dispersion for the M1 (120 meV) and M2 network (110 meV) slightly exceeds the one reported for the 3deh-DPDI network (80 meV), which was measured by ARPES (see Figure 1(e) ). The reason might be a difference in the lossy scattering and imperfect confinement in the different cases. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 molecules. Adopted with permission from [123] .
Recently, a 2D porous sponge-like network was prepared on a Cu(111) surface through on-surface covalent coupling of a perylene derivative containing two borylene functional groups with trimesic acid (TMA) [124] . These pores exhibit several different geometrical shapes and sizes as visible in figure 5(a) , what makes them good candidates to study the dependence of the surface state confinement on the geometry and size of the confining cavity. STS spectra taken in the centre of different pores showed that the energies of the confined states shifted towards the Fermi energy with 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 decreasing pore size ( figure 5(b) ). The energy of the confined state can be calculated by = 0 + 1 ħ 2 2 * , where A is the pore area, α 1 is a shape dependent parameter [125] and E 0 is the onset of the native surface state. In figure 5 (c) E -E 0 is plotted with respect to the inverse pore area for the experimental (green line indicates the fit) and the calculated data (red and blue line). For the blue line, a circular confinement was assumed. However, it is clearly visible that the slope of the fit for the measured data deviates significantly from the calculated one. By introducing a fit parameter 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 with respect to the onset energy of the clean surface state as a function of the inverse pore area. The red and green lines are based on calculations for different effective pore areas (see text). Adopted with permission from [124] .
Except for the investigation of the surface state confinement by the 3deh-DPDI network on Cu (111) (the first example presented in this chapter), where a combination of STS and ARPES was used, only STS and / or dI/dV mapping has so far been employed to study the confining properties of molecular porous networks on (111)-oriented noble metal surfaces. One of the main reasons is the requirement that only one well-ordered molecular phase should homogeneously cover the sample surface in order to obtain conclusive results from a laterally averaging technique like ARPES. However, that is in many cases difficult to obtain. Moreover, the irradiation with UV light as well as the emission of photoelectrons in the case of ARPES can lead to beam damage and consequently, the samples often deteriorate quickly before they can be studied in detail. In contrast, the unique possibility of STS to locally study occupied as well as unoccupied states makes it the preferred technique to investigate the confinement of surface state electrons by porous molecular networks. By acquiring dI/dV maps over a large energy range and performing Fourier transformation, the energy dispersion relation of the confined states can be addressed as it was for example shown by Wang et al. (see Figure 4 ) [123] .
In the following, we would like to provide a qualitative comparison of the confinement properties of the porous molecular networks discussed above. From the experimental results it can be concluded that the smaller the pore size the larger the shift of the confined state towards higher binding energies [121, 122, 123, 124] . In addition, when comparing the available reports one may arrive at the conclusion that the intermolecular interactions holding together the various porous molecular networks influence the confining properties in the way that for stronger intermolecular interactions the confinement is stronger, i. e. the shift of the confined state compared to the pristine surface state is larger. However, a quantitative comparison of the confinement properties of the different molecular networks is more complicated. For example, the molecule substrate interactions as well as the width of the molecular building blocks representing the width of the confinement barrier should be taken into account. The fact that a larger pore size than the actual one had to be assumed when using the particle in the box model to approximately calculate the position of the confined state [124] hints at the influence of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 second consideration. Moreover, we suggest that additional investigations of the confinement effects of porous molecular networks adsorbed on Au(111) will help to shed light onto the influence of the substrate.
Confinement of adsorbates in molecular porous honeycomb networks
As described in the introduction, the surface state of free metal surfaces can strongly influence the self-assembly of adsorbates [33, 34, 35, 36, 37, 38, 43, 44, 45, 46] . In the following, three examples are presented on how the surface state confined in the pores of honeycomb networks influences the selfassembly of guest atoms or molecules in the pores. As a first example, the confinement of CO molecules in a honeycomb network made from anthraquinone molecules on Cu(111) is discussed. The formation of this hydrogen-bonded network was explained by the confinement of the surface state electrons in the hexagonal pores [126, 127] . Each side of the pore consists of three parallel molecules and has a diameter of approx. 4 nm (c.f. figure 6(a) ), which is several times larger than the size of one molecule. The formation of this regular pattern -although pores with two or four molecules per side would be in principle possible -was explained by the creation of a noble gas configuration (i.e. two filled shells) when the surface state electrons of Cu(111) are confined within these pores. Calculations showed that pores with a different number of molecules per side would not exhibit this noble gas configuration.
For low coverage, CO was found to preferentially adsorb in the centre of the anthraquinone pores ( figure 6(d) ), i.e. at the high electron density areas. No diffusion of the CO molecules between the pores was observed meaning that CO is confined to one pore ( figure 6(b) , (c)) [128] . However, diffusion inside the pore was detected (see the consecutively taken STM images in figure 6(b) , (c)). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 symmetry was found for the preferred adsorption positions can be explained by the threefold symmetry of the adsorbed honeycomb network (the vertices are alternatingly centred on fcc and hcp sites). For even higher CO coverage, the molecules form a (√3x√3)R30° structure similar to CO adsorbed on a clean Cu (111) surface [129, 130, 131] . However, due to the limited number of adsorption sites inside the pore dislocation lines are often found, which seems to be energetically more favourable than leaving adsorption sites close to the boundaries of the pores free [132] . These Probability of the CO occupation inside an anthraquinone pore for different CO occupancies. Adopted with permission from [126, 128] .
Recently, the adsorption of Fe atoms was investigated inside the pores of a honeycomb network formed by coordination of NC-Ph 5 -CN molecules to native Cu adatoms on Cu(111) [133] . Deposition of small amounts of Fe at 12 K led to pores filled with 0, 1, 2, 3 and 4 Fe atoms (figure 7(a)) whereas the filling followed a binomial distribution. For more than one Fe atom in the pore, preferred 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 interatomic distances were observed, which are comparable to the spacing between Fe atoms on bare Cu (111) and which originate from long-range oscillatory interactions caused by the Cu surface state electrons. Single Fe atoms -as well as the centre of mass for dimers and trimers -are found in the centre of the pore (figure 7(b)-(d) ). The atomic distances for dimers and trimers are the same (1.1 nm) while there is no (an) adsorption site preference for the dimers (trimers). This triangular distribution 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The atom-by-atom condensation of xenon in well-defined ´quantum boxes´ fabricated from 3deh-DPDI molecules on Cu(111) (see figure 1 ) was recently investigated by Nowakowska et al. [134] . In contrast to CO molecules or Fe atoms, whose self-assembly was previously investigated in other porous networks (vide supra), xenon atoms exhibit a closed-shell structure and thus, can only undergo 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 weak van der Waals interactions. Xe was never found in the centre of the pore what is explained by Pauli repulsion between Xe and the ground state of the confined surface state. This behaviour was corroborated by repositioning experiments in which individual Xe atoms were tried to be placed in the centre of the pore what only resulted in the presence of Xe at the periphery of the pore or in hopping of the Xe atom into a neighbouring pore ( figure 8(b)-(d) ). On the other hand, CO molecules as well as Fe atoms were found to attractively interact with the Cu surface state confined in different honeycomb networks. The histogram of the spontaneously occurring occupancies (figure 8(e)) indicates that the presence of certain numbers of Xe atoms in the pores is preferred with the highest probability for one and twelve atoms and an additional preference for three and eight atoms. This in contrast to the Poison distribution, which was found for the occupancy of Fe atoms in the NC-Ph 5 -CN network. A detailed analysis of the different observed occupancies occ-n was carried out under the aspect whether occ-n is equal to occ-(n-1) plus one additional Xe atom or whether occ-n can be described by the superposition of two structures present for lower occupancies. The observed occupancies cannot be described by a single set of hierarchic filling rules. Instead, the interplay of different weak forces (interatomic forces between Xe atoms, interaction between Xe and the confined state as well as with the molecules) determines the observed filling levels of the pores. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Xe occupancy in the pores of the 3deh-DPDI network. The behaviour clearly deviates from a Poisson distribution. All scale bars: 1 nm. Adopted with permission from [134] .
Conclusion and Outlook
The fascinating achievement to confine the surface state electrons to corrals made from Fe adatoms on Cu (111) and to visualize the electronic structure of this confinement inspired researchers over the last two decades to experimentally as well as theoretically study the interplay of metal surface states with low-dimensional atomic and molecular structures. Especially the advent of the STM enabled such experimental studies and attracted a lot of research interest. Replacing adatoms by molecular building blocks for the construction of porous nanostructures to confine metal surface states offers several advantages. Molecular self-assembly, which is normally used to fabricate the porous networks, is a parallel process and thus, produces billions of pores at the same time. The process itself is fast compared to the time-consuming atom manipulation with the STM tip used for the construction of corrals from adatoms. Furthermore, for well-ordered molecular honeycomb networks the influence of the confined states of neighbouring pores on each other can be examined.
So far, mainly with STS and taking dI/dV (conductance) maps the electronic states confined to the molecular pores were analysed. It has been already found -similar to what has been reported for corrals made from adatoms -that the energy of the confined state generally depends on the area of the confining pore when the same class of molecules is used. However, one study done with different molecules but very similar size reported a deviation of this behaviour. This asks for further investigations (experimentally as well as theoretically) comparing the influence of the molecular backbone as well as the intermolecular interactions stabilizing the porous networks on the confined state. Differences with respect to the scattering and absorption behaviour of the molecules are expected which then lead to different eigenenergies for similar sized pores fabricated from different molecules.
Up to now (so far), there is only one report available which experimentally investigated the interaction of neighbouring confined states. For 3deh-DPDI on Cu (111) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 surface properties may be achieved. This possibility should also attract interest in catalysis research or prospective (nano)electronics applications.
The pores can be also used to study the adsorption of guest entities and their interaction with the confined state. So far, mainly atoms and diatomic molecules were used. The influence of the confined state onto these guests became evident because favourable and unfavourable adsorption sites were observed due to attractive and repulsive interactions of the guests with the confined state. The question is how larger molecules will be influenced by the confined state and if they are similarly affected by it.
However, it is not only the adsorption of guest entities, which is changed in comparison to adsorption on a pristine surface, but also the reaction conditions inside the pore should be affected. This asks for studies of basic chemical reactions inside the pores whose outcome and pathway are well-understood on the pristine metal surfaces.
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